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INTRODUCTION
Sardine (Sardinops sagax caeruleus) is a pelagic species living in subtropical areas, distributed between the latitudes 50 and 60° N from the south of Alaska to the Gulf of California, Mexico (Culley, 1971; COSEWIC, 2002) . The analyses of sardine captures and temperatures registered throughout 21 years in San Pedro, Ensenada Bay, Cedros Island and Magdalena Bay, Mexico, enhance the knowledge of three stocks which were divided by thermal barriers. The cold or northern stock was distributed in 13-17 °C, the temperate stock in 17-22 °C and the warm stock >22 °C (Félix-Uraga et al., 2004) . This distribution is consistent with the effect of temperature on fish horizontal and vertical distribution (Lynn, 2003) .
Temperature stands out as the factor of greatest influence on the behavior and spatial distribution limits of fish (Ziegeweid et al., 2008) . A better understanding of changing temperatures on fish is important, and therefore laboratory studies with emphasis on thermal responses, evidence the effect of this factor on the physiology and behavior of the sardine.
The thermal tolerance studies of ectotermic organisms have been evaluated with two methods, static and dynamic. The static or lethal temperature (LT) measures the time of death of the organism exposed to a series of constant temperatures which occur in a relatively short time at the upper extreme temperature (Fry et al., 1942; Brett, 1956; Kilgour et al., 1985) . The dynamic method involves increasing the test temperatures until an end point is reached (Beitinger et al., 2000) . These test are represented by the critical thermal minimum (CTMin) and critical thermal maximum (CTMax), concepts that were proposed by Cowles & Bogert (1944) , which characterize "the thermal point at which locomotory activity becomes disorganized and the animal loses its ability to escape from conditions that will promptly lead to its death".
For more than 60 years, studies of thermal tolerance have been made in different aquatic organisms. The temperature effect in different fish species has been demonstrated with various responses, furthermore affecting the biochemistry, physiology and behavior of the organisms (Brett; Wedemeyer, 1997) . However, the effects of stress caused by these types of tests to characterize the thermotolerance responses have not considered the possible histopathological changes in organs such as gill, liver and kidney, among others, that could indicate possible internal damages.
The effect of temperature on tissue can be evaluated by using histopathology, taking into account biochemical, physiological and chronological aspects on tissues morphology. At the histological level, necrotic changes observed in organisms experiencing chronic exposure to stressors can be checked within an organ or specific tissues or cells, evidenced by the morphology of the cell nucleus, nucleolus and cytoplasm (Hinton & Lauren, 1990) . Histopathological responses caused by stress agents (water contamination and parasites, among others) have been identified in the skin, liver, gills, kidney and skeleton of fish (Hinton & Lauren) .
The response of stress on organisms has been evaluated at different levels of biological organization from behavior to cellular level. Different stressors such as ultraviolet radiation, toxins, pathogens, nutritional deficiencies, hypoxia, acidosis, cold and heat, among others, cause cellular stress proteins (Chiang et al., 1989) . It has been documented that these proteins (heat-shock proteins HSPs) have a role as molecular chaperones, involved in different processes such as intracellular localization, secretion, regulation, degradation of other proteins, apoptosis and inflammations (Feder & Hofmann, 1999; Moseley, 2000; Srivastava, 2002) .
Fish stress responses can be of different durability depending on the stressor, time of exposure and homeostasis recovery (Wedemeyer; Barandica & Tort, 2008) . Acute stress involves rapid responses and recovery in a short time (hours) after the stressor induction. In teleosts, chronic stress is the result of a constant or repetitive exposure to the stressor that involves long periods of recovery and greater energy expenditure (Barandica & Tort) .
Investigations on the effect of temperature as a stressor indicate that it can produce tissue damage, as noted in rainbow trout, tilapia, and some Cyprinodontidae when they are exposed to temperatures between 30 and 45 °C. In these organisms, the lamellar epithelium of the gills were constricted and the columnar cells collapsed. In addition, the liver presented steatosis, autolytic changes and degenerative processes in the tubular cells of the kidney (Rombough & Garside, 1977; Davis & Parker, 1990) .
The thermal tolerance of sardines has been documented by Martinez-Porchas et al. (2009) and Martínez-Porchas & Hernández-Rodríguez (2010) . In these studies, the fish were exposed to two different fluctuating thermal cycles according to the temperatures recorded in the north, where the colder stock is located (San Pedro, California; SPc, 13 to 18 °C) and in the south, where the temperate stock thrives (Cedros Island, Mexico; CIc, 18 to 23 °C). The SPc and CIc stock thermal preference interval was 17. 1-19.9 and 16.0-18.8°C , while the lethal temperatures interval (LT50) was 7.7-25.6 and 6.9-24.3 °C, and the critical limits CTMax and CTMin were 7.1-32.2 and 5.5-30.4 °C, respectively. Thermal tolerance in sardines was also investigated by Pribyl et al. (2016) , based in the critical thermal maximum and minimum of the northern sardines acclimated at 15 °C and 17 °C to determine the "ideal" temperature range.
The increase of the ocean surface temperature, the "El Niño" phenomenon and the food abundance affects the reproduction and distribution of the sardine (Hammann et al., 1988; Bakun & Broad, 2003; Félix-Uraga et al.) . The study by Pribyl et al. indicated that Pacific sardine of the northern stock has an ideal physiological thermal range depending on the acclimation temperature, based on an analysis of tissue and blood samples. Little is known how the temperature stressor affect sardines at morphological levels, biochemical and physiological processes (Martínez-Porchas et al., 2009) . In this work, we study the effect of acute and chronic heat stress on the histopathology of liver and kidney in Sardinops sagax caeruleus with two methods utilized in the evaluation of thermal tolerance in laboratory conditions: critical thermal maximum and the upper lethal temperature.
MATERIAL AND METHOD
Sardines were captured in the summer at the port of Ensenada, Baja California, Mexico, (31º 52' Lat. North. 116º 37' Long. West) and transported in polyethylene bags with sea water saturated with oxygen to the Ecophysiology Laboratory of the Aquaculture Department of CICESE (Center for Scientific Research and Higher Education of Ensenada).
To determine the thermal stress experiments and the acclimation temperatures, we used the sardine distribution stock adapted to a 17 to 22 °C range described by Félix-Uraga et al. The temperature tolerance limiting the species distribution area (25 ºC) was determined in our laboratory in previous experiments (unpublished data).
The sardines (N = 352) (weight 39.44 ± 4.81 g; and length 15.74 ± 0.51 cm) were distributed in eight 380 L circular tanks (N = 44 fish per tank) at the collection temperature of 18 ºC. Afterwards, the initial temperature of each pair of tanks was increased 1 °C per day until reaching the acclimation temperatures (AT) of 19, 21, 23 and 25 with a mean deviation ± 0.51°C, where they remain for 25 days. The water flow rate was 47.5 L h-1 to change the total volume three times in 24 h. Each water temperature was maintained with a 1000 Watts titanium heater connected to an electronic controller. The control condition of 19 °C is in the sardine thermal preference 17-20 °C interval found by Martínez-Porchas et al. The tanks were cleaned daily to remove feces, food remnants and dead fish. Oxygen content and temperature were recorded with an YSI model 85 multiparameter (Yellow Spring, Ohio). Average and standard deviation of water temperature and oxygen concentration during the acclimation period are shown in Table I . Organisms were fed with a diet made of trout with 50 % protein at a rate of 2.5 % of their body weight in two daily rations. Before the start of each experiment, the fish were kept without food for 24 h to avoid metabolic interference.
At the end of the acclimation period, randomly selected organisms of each temperature were either exposed to critical thermal maximum CTMax-acute heat stress (AHS) or to the lethal temperature (LT50)-chronic heat stress (CHS) utilized in the studies of thermic tolerance in aquatic organisms. Four sardines from the control group of each AT, were sacrificed with an anesthetic overdose (2-phenoxyethanol) to remove the liver and kidney for histological procedures. The histopathological analysis was used to contrast and to determine which experimental temperature exposure was the most deleterious for the liver and kidney of sardines.
For the study of AHS (CTMax), we used a 56 L aquarium containing 21.5 L volume of seawater and a 1000 Watt heater fixed to an aeration stone to spread the heat evenly. To maintain a continuous temperature rise no water flow was added. The experiment began when the aquarium water reached the acclimation temperature, then two fish were incorporated. The temperature increase of 1 °C min -1 was started after 20 min to reduce the impact stress caused by handling. These experiments were repeated six times with different fish for each acclimation temperature. All fish lost equilibrium (LE) during the experiment which defines the critical point of CTMax (Paladino et al., 1980) , and four random sardines were sacrificed to dissect the liver and kidney with a scalpel to assess the histological changes produced by the effect of AHS.
The effect of CHS (LT50) was evaluated based on the model of Kilgour et al. Five aquaria (56 L) , each with three fish, were abruptly exposed to the chronic heath stress at different constant temperatures (Table II) and with a continuous 120 ml min -1 water flow to refill the total volume approximately three times in 24 h to eliminate the metabolites produced by fish waste. Aeration was continuous and the water temperature was maintained with a 1000 Watt immersion heater connected to an electronic controller to keep the temperature almost constant (± 0.1 to 0.3 °C). Each trial was carried out twice (N= 24-30). Experimental temperatures for each condition were set up with the difference in the temperature interval (i.e. 6 °C) used for the acclimation (19-25 °C). This difference was added to each AT, and according to the fish tolerance, it was increased or decreased 1 °C (Table II) . When each fish died, the time was recorded and immediately the liver and kidney was dissected for histological analysis.
The entire kidney (N = 30) and only the posterior part of the liver were removed to avoid contamination with the gallbladder and its ducts (Lagler et al., 1984) . The samples were fixed in 10 % formalin for 24 h, later changed to 70 % alcohol and treated conventionally for paraffin embedded tissues with an automated processor (Leica brand Histokinette model TP1040). Only the middle part of the kidney was analyzed because the cephalic region contains mainly haematopoietic tissue. The renal and hepatic samples were cut 4 mm thick on a microtome American Optical (Spencer model 820). Three medial and sagittal cuts of each organ were stained with the Hematoxylin-Eosin technique (Shaw & Battle, 1957) and preserved with synthetic resin (Cytoseal) . The histological preparations were analyze in a Zeiss microscope (model Axiolab). The histological description of acclimated fish at different temperatures and then exposed to acute and chronic heat stress will be represented as AT + AHS or CHS.
Four histological cuts of the fish liver from each condition AT and AHS conditions, were examined to measure 35 to 38 hepatocytes nuclei in a microscope Zeiss Scope A1 through the CarlZeiss/Zen 2012 program. All data were evaluated for normality using Kolmogorov-Smirnov test. A t-test (Sigma Stat 3.5) was applied to compare the effect of the temperature over CTMax, the hepatocytes nuclei linking the controls (AT) and the respective acute heat stress (AHS) condition. The hepatocytes nucleus diameters of the liver from fish that were exposed at AHS and the control group were compared with an ANOVA test. A multiple comparisons test (Dunnett's method) 19°C versus 21, 23 y 25°C was used taking into account that the AT of 19°C differs only 1°C which is the value of the final preferendum reported by Martínez-Porchas et al. The Spearman-Karber program was used to calculate the LT50.
RESULTS
The liver of the control organisms (AT) unexposed to AHS and CHS acclimated to 19, 21, 23 and 25 °C showed the normal arrangement of hepatocytes and sinusoids (Fig.  1A) , and the presence of scarce haematopoietic cells and melanomacrophages. Hepatocytes with changes in the nucleus, nucleolus and distended cytoplasmic appearance were observed in sardines acclimated at 25 ºC. The nucleus diameter increased in the AT the 19 and 23 °C from 10.01 to 11.34 µm (Table III ) with significant differences (P ≤ 0.001) qualitatively. The nucleolus appeared twice its size (Fig. 1B and C) .
In the control fish, the kidney had structures with normal appearance (Fig. 2A) . In all acclimation conditions, haematopoietic tissue and melanomacrophage centers slightly augmented.
Acute Heat Stress (AHS).
The equilibrium loss responses of acclimated sardines at 19, 21, 23 y 25 °C were respectively at 30.8 ± 0.79, 31.6 ± 0.41, 31.8 ± 0.83 and 32.8 ± 0.65 °C, with significant differences (P<0.05), except at 21 and 23 °C.
The histological description of the liver and kidney corresponds to the sardine equilibrium loss. In histological preparations from the liver, vacuoles in the hepatocytes and leucocytes within sinusoids were observed (Fig. 1E) . Sardines acclimated at 25 °C + AHS, had necrotic areas and infiltration of inflammatory cells (Fig. 1 D and E) .
The histological sections of the kidney, had haematopoietic tissue (Fig. 2B ) and melanomacrophage centers (Fig. 2D) . All organisms exposed to the chronic heath stress showed pyknotic nuclei in renal tubules (Fig.  2C) ; the Bowman intercapsular space is bigger compared with the control organisms, and shrunken glomeruli (Fig.  2C) were also identified at 21 °C + AHS. The kidney cuts of the sardines that were acclimated at 23 and 25 °C and subsequently exposed to AHS, had degenerating or degenerated glomeruli, sometimes empty Bowman intercapsular space with debris (Fig. 2D) .
The comparison between the hepatocyte diameters of the control groups versus AHS showed differences between 21°C (P=0.018) and 23 °C (P≤0.001). The nucleus diameter of the hepatocytes increase between the ATs and the AHS in 19 and 21 ºC, and it decrease between the ATs and AHS at 23 and 25 ºC conditions (Table III) . The liver hepatocyte diameter of the control group of fish acclimated at 19°C were significantly different (P≤0.05) from those acclimated at 21, 23 and 25 °C. Table IV shows the chronic heat stress trial of the acclimation versus experimental temperatures, where 50 % of the fish died. The effect of CHS in the liver and kidney was similar to the organisms exposed to AHS, but the degree of injury was related to the experimental temperature and exposure time.
Chronic Heat Stress (CHS).
In organisms acclimated at 23 to 25 ºC and exposed to 26 to 30 ºC experimental temperature, the alterations found in the liver by chronic heat stress exposure were: abundant and extensive necrotic areas (Fig. 1F) , increased melanomacrophages dispersion, clots into the vessels (Fig.  1G ), pyknotic and apoptotic hepatocytes (Fig. 1H) 19 (4) 23 (6) 24 (6) 25 (6) 26 (6) 27 (6) 21 (4) 25 (6) 26 (6) 27 (6) 28 (6) _ 23 (4) 26 (6) 27 (6) 28 (6) 29 (6) _ 25 (4) 27 (6) 28 (6) 29 (5) 30 (6) _ Table I . Values of temperature and oxygen concentration during the acclimation period of Sardinops sagax caeruleus.
Average ± Standard deviation. Table II . Experimental temperatures at which S. sagax caeruleus acclimated to four temperatures were abruptly exposed to the chronic heath stress (CHS).
AT; acclimation temperature. The parenthesis indicates the number of fish used for histology. vacuolated hepatocytes (Fig. 1F and G), and bacterial infection (Fig. 1I ) sometimes surrounded by hepatocytes forming nodules.
The microscopic changes in kidney tissue of fish from each acclimation temperature and exposed to different experimental temperatures were: extensive glomeruli and tubular necrosis (Fig.  2E) , scattered cells in melanomacrophage centers (Fig.  2F ), extravased erythrocytes (Fig.  2G ) and bacterial infection (Fig.  2H) . At the cellular level, the tubular cells showed pyknosis and cytoplasmic lysis (Fig. 2G up) or chromatin fragmentation (Fig. 2G  lower) . Alterations in the kidney increased with rising experimental temperature and exposure time. In some kidney tissue, necrotic coagulation, complete loss of tissue organization and cells limits were observed, and all the nuclei were pyknotic (Fig. 2H) . The sardines that were exposed from 23 to 30 ºC ( Fig. 2I) , had the greatest frequency of histological changes. Additionally, in liver and kidney tissue of the highest temperature stress exposure, the melanomacrophage centers were disaggregated because the cells lost its pigments and fibroblasts nearby in the perivascular area.
The percentage of survival of sardines during the acclimation period at temperatures of 19, 21, 23 and 25 °C was 98.8, 94.3, 92.1 and 49 %, respectively. External responses of sardine exposed to acute and chronic heat stress were desquamation and mucus production. Fig. 2 . Representative saggital section of the kidney of S. sagax caeruleus in controls and exposed to acute and chronic heat stress. Hematoxylin-Eosin. A) Control 19 ºC, melanomacrophage center (mc), glomeruli (g), intraglomerular space (is), Bowman capsule (bc); B) AHS, pyknotic nuclei (black arrow), in renal tubules, increased haematopoietic tissue (ht); C) AHS, renal corpuscle in degeneration with shrunken glomeruli (sg) and augmented Bowman space (bs), observe vascular pole (v) and urinary pole (u), 500X; D) AHS, tubule in degeneration (td), some glomeruli in complete degeneration (gd), debris (d), and melanomacrophage center (mc), 500X; E) CHS, a group of renal corpuscles in degeneration with retracted glomeruli (gd) and debris (d), haematopoietic tissue (ht), necrotic tubule (nt) 500X; F) CHS, scattered melanomacrophages (m) with vacuoles and phagocyted material, inflammatory cells (I), and necrotic tubule (nt) 1250X; G) CHS, both types of cell death in tubules, cells with necrotic changes (n) and apoptotic changes (d), observe lyses in necrotic cells, and detached apoptotic tubular cells with chromatin fragmentation (black arrow), extravased erythrocytes (e) in the intertubular space, 1250X; H) focus of bacterial infection (bi); I) CHS, in some cases, the kidney lost the tissue organization, all the nuclei are pyknotic (black arrow), rests of tubules (t), glomeruli (g) and haematopoietic tissue (ht) could be observed, 500X. 
DISCUSSION
The effect of temperature has been studied in fish evaluating their tolerance through the LT50 (static method) and CTMax (dynamic method); however, the damage of this factor concatenated with stress in different organs of an organism was unknown. In this study, we subjected sardines (S. sagax caeruleus) to four acclimation temperatures, and only those acclimated at 25 °C, showed liver tissue changes in the nuclei and nucleoli.
When fish are under environmental stress, they can undergo internal anatomical changes that are detrimental or adaptive, and if these alterations are not corrected or compensated, the body weakens, losing its ability to cope with other stressors (Wedemeyer) . S. sagax caeruleus was able to compensate for the heat change throughout the acclimation process; however at 25 ºC, the results suggest that the hepatic cells lost their adaptation capability. The change of nucleoli could be a hallmark of damage because the nucleolus has been considered as a stress sensor (Mayer & Grummt, 2005) . Indeed, at 25 °C acclimated temperature fish survival was 49 %, while in the other temperatures, it was higher than 90 %.
Sardines acclimated in the 19 to 25 °C interval and exposed to acute stress formed more melanomacrophage centers, pyknosis and degenerative changes (necrotic) in the glomeruli and tubules. Similar changes such as cell necrosis in renal tissue were observed in other stressors studies, in the Anguilla anguilla (Olivereau & Olivereau, 1977) , Oncorhynchus tshawytscha (Kiryu & Moffitt, 2001) , Chana punctatus (Bhuiyan et al., 2001) , Mugil sp., Cyprinus carpio and Barbas sp. (González de Canales et al., 2003) . However, high stocking density cultivation as a stressor on Paralabrax maculatofasciatus did not reveal histological necrosis in the kidney (Zacarías et al., 2009) .
In kidney and liver tissues of sardines exposed to chronic heat stress, the histopathogical changes were more pronounced with the temperature increase. The degenerative changes included necrotic signs (pyknotic nuclei and cytoplasmic lysis) in glomeruli and renal tubules as well as hepatocytes. In addition to the necrotic changes, emerge apoptotic alteration like chromatin fragmentation, cytoplasmic condensation and detached cells.
Cell death found in the tissues of fish exposed to acute and chronic heat stress can be considered a physiological response to eliminate those that have been damaged, and indeed the histological cuts reveal more melanomacrophages and neighboring macrophagic cells. In cell death processes, apoptosis and necrosis are involved (Takashima & Takashi, 1995) . Apoptosis is a genetic programmed cell death, an essential mechanism for normal tissue function and development (Studzinski, 1999) . When cells lose their ability to undergo apoptosis in response to a physiological stimulus, or when apoptosis increase dramatically, the result can be detrimental (Jacobson & McCarthy, 2002) . Apoptotic cell death involves shrinkage of the cell, chromatin fragmentation, formation of membrane-bound apoptotic bodies and rapid phagocytosis by neighbouring cells (Takashima & Takashi) . In this study, extensive death by apoptosis was observed in hepatic and renal tissues undergoing chronic extreme thermal stress.
Necrosis produced in the tissues of organisms is the state in which the cells are damaged and eventually die. In the nucleus, hipercromatosis, pyknosis, and cariolysis occur and the cytoplasm becomes homogeneously stained with eosin (Takashima & Takashi) . In this state, the cell contents are released into the extracellular fluid irritating the adjacent cells causing inflammation (Studzinski) .
Hinton & Lauren argued that internal kidney lesions are considered good indicators of contamination because adjacent to the renal tissue lies the adrenal tissue that synthesizes the stress hormones adrenaline, noradrenaline and glucocorticoids released when an animal experiences several types of stress. The kidney tissue changes found in the sardines in our study could be also used as indicators of thermal stress effect. 25  26  27  28  29  30  19  1252  749  730  698  79  ---21  --610  453  454  242  --23  ---470  279  231  233  -25  ----216  215  120 92 Anderson (1990) argues that stress can compromise an animal's defense mechanisms, affecting the physiological processes that constitute the specific and nonspecific immune responses, and thereby increasing the vulnerability of organisms. Our morphological study revealed the participation of elements of nonspecific immune response such as humoral, tissue and cell factors (Fernández et al., 2002) . The skin responses of sardines exposed to acute and chronic heat stress showed desquamation and mucus production. At the histological level, we found in the liver and kidney increase melanomacrophage centers and haematopoietic tissue. Melanomacrophage aggregates have been suggested as indicators of health status in wild fish and may contain not only melanin, but also haemosiderin and lipofuscin (Hinton & Lauren) . These authors suggest that the aggregates vary in number and size caused by the effect of food insufficiency, toxicity, disease and age, among others. In this research, more melanomacrophage centers were observed in relation to the temperature exposure, but in the extreme heat, they disaggregated and lost pigments. Additionally, histology of sardines acclimated at 23 and 25°C that were exposed to the CHS, had bacterial infection and infiltration of inflammatory cells.
In the extreme of the thermal stress condition, the liver and kidney tissues had more fibroblasts in the perivascular area. According to Takashima & Takashi, fibroblasts are a characteristic of an inflammatory response as a protective reaction to physical stimuli, chemicals and parasites that strongly affect the tissue. During the defense reaction of the organisms, macrophages, histiocytes and monocytes are increased at the site of inflammation process that ends with the hyperplasia of fibroblasts (Takashima & Takashi) . The most conspicuous histopathology changes observed in the liver and kidney were in sardines exposed to chronic heat stress.
The purpose of research of thermal tolerance lies in knowing the temperature(s) at which a species grows better and in assessing its adaptive capability. Our results highlight the sardines' ability of acclimation to new thermal conditions, provided that the changes are gradual. The experimental responses to physiological adaptation were evident in the acclimation process, but fish exposed to chronic heat stress did not tolerate an abrupt thermal change of more than 4 °C, independently of the ATs, over 50 % died. Based on the results of this study and considering that the temperate stock was distributed in 17 to 22 ° C (Félix-Uraga et al.) , it is likely that with continuing global warming, sardines will move further north to find temperatures near its optimum range of 16 to 20 °C as reported by Martinez-Porchas et al. (2009) . In S. sagax caeruleus acclimated to thermal fluctuations, the upper incipient lethal temperature was near 25 °C (Martinez-Porchas et al.) which could explain the low survival obtained in fish that were acclimated at the temperature of 25 °C, and where the most notable histopathological changes were observed. Martínez-Porchas et al. and Pribyl et al. conclude that the Pacific sardine probably has a limited ability to tolerate warm temperatures. In this context, the present study seems to confirm that assumption because the survival rate was less than 50 % for sardines acclimated at 25 °C.
The results of this study show that the tests used to evaluate thermal tolerance by static or dynamic method cause alterations in the tissues of organisms, as observed in the liver and kidney of the Pacific sardine. This effect can be magnified if organisms acclimate near sublethal temperatures.
mento en los centros de melanomacrófagos, así como brotes de infección bacteriana. Los resultados demuestran que S. sagax caeruleus no toleró un cambio térmico abrupto de más de 4 °C, independientemente de las AT, más del 50 % murió. Las consecuencias del estrés térmico agudo y crónico experimental fueron las alteraciones histopatológicas del hígado y el riñón. Se esperaba que la temperatura de estrés crónica pudiera producir cambios histológicos conspicuos en los peces, y de hecho fue la más perjudicial.
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